InTrOduCTIOn
Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease of the central nervous system (CNS) with an unknown aetiology. Both genetic and environmental factors contribute to disease risk and disease course. 1 An increasing number of lifestyle and environmental factors have been identified which trigger and exacerbate MS. 2 Established MS-associated risk factors are high latitude, female sex, smoking, low vitamin D levels, the Epstein-Barr virus (EBV) infection, and obesity during adolescence. 2 The mechanistic understanding is still in its infancy, though the influence of environmental factors identified so far can be traced to their effects on the immune system, as can the genetic predisposing factors, which strongly supports the argument that the peripheral immune system has a primary role in driving MS.
Epidemiological studies investigating the association between a history of allergy and the risk of MS have shown conflicting results. [3] [4] [5] [6] [7] [8] [9] A population-based case-control study conducted in Italy showed that a history of atopic allergies, especially allergic asthma, was associated with a significantly lower risk for MS. 6 On the other hand, a prospective study of comorbid conditions in a large cohort of MS patients showed a significantly increased rate of asthma besides other Th1 and Th17 driven diseases. 4 Another case-control study nested in the Nurse's Health Study I and II showed no association between allergy history and MS risk; however, a family history of other autoimmune diseases was associated with a higher risk, suggesting common genetic risk factors or environmental triggers. 8 A meta-analysis of 10 observational studies concluded that there is no evidence supporting an association between allergic diseases and MS risk. 9 Despite this controversy regarding the risk for MS among atopic patients, one relevant question remains unanswered: is MS activity less or more intense among patients with an atopic history? To our knowledge, no studies have addressed this question in an adult MS population. A case-control study from 16 centres across the USA studied the association between allergy history and relapse rate in a paediatric MS population, and reported that patients with food allergies in the first 5 years of life had a lower absolute relapse rate (ARR) compared with patients without comorbid food allergies (0.14 vs 0.48, P=0.01), and found no association between relapse rate and other types of allergies. 10 The aim of our study was to assess the association between a self-reported history of allergic conditions with MS clinical and MRI disease activity in adults. 
MeThOds design, setting and participants
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Multiple sclerosis including a measurement of the Expanded Disability Status Scale score (EDSS) and symptoms suggestive of a new relapse were recorded along with their onset date. Patients diagnosed with clinically isolated syndrome (CIS) or with a known allergy to any disease-modifying therapy (DMT) were excluded. This study was approved by the Partners Institutional Review Board and all participants provided written informed consent.
Allergy history
Patients completed a self-reported allergy history questionnaire, which assessed the presence of drug, environmental or food allergy. Secondary questions assessed the specific allergen, and whether the allergy was confirmed by a physician. Symptoms of allergy were recorded and options included: hives, itching, nasal congestion, rashes, watery/red eyes, tingling or itching in the mouth, swelling (tongue, lips, face, throat or other parts of the body), trouble breathing, abdominal pain, diarrhoea, nausea, vomiting, dizziness or anaphylaxis. Environmental allergy was defined as any reported allergy to pollen, grass, tree, dust, mite, pets or other. Food allergy was defined as any reported allergy to eggs, dairy, wheat, soy, fish, shellfish, fruits, or nuts or other food products. A single questionnaire was completed by each subject; thus longitudinal changes in allergy were not assessed in this study.
For our analysis, subjects were stratified as either the no known allergy (NKA) group, or the 'any allergy' group. The 'any allergy' group was defined as subjects who selected 'Yes' to at least one of these fields: history of environmental allergy, food allergy, or drug allergy; and required the allergy to be confirmed by a physician. Patients in the NKA group were defined as subjects who selected 'No' to all three of these fields. Patients with unknown values to any of these fields were excluded from the NKA group. A medical chart review was performed to review any inconsistencies among the reported drug allergies. Subanalysis was conducted for each allergy subgroup, 'environmental allergy', 'food allergy' and 'drug allergy', defined as those who selected 'Yes' for the respective allergy type. Patients with unknown values were removed from the corresponding allergy group. The NKA group was used for all comparisons.
Clinical and MrI outcomes
Our primary clinical outcome was the cumulative number of attacks over the course of the entire patient's disease course. The secondary clinical outcomes were the EDSS and the Multiple Sclerosis Severity Score (MSSS) at the patient's last encounter at our clinic. The MSSS corrects EDSS for disease duration by comparing an individual's disability with the distribution of scores in patients having similar disease duration. 13 The secondary outcomes of interest were the presence of new gadolinium (Gad)-enhancing lesions, and the new Gad-enhancing lesion count on the brain MRI corresponding to the allergy questionnaire date (±90 days of the questionnaire's date).
Imaging acquisition
Of the 1349 subjects, 753 subjects had an MRI scan with gadolinium, performed within ±90 days of the clinic visit when the allergy questionnaire was completed. Brain MRI scans were acquired on the 1.5 T Signa GE family scanners at the Brigham and Women's Hospital. MRI protocols included axial dual-echo conventional spin-echo images: TR=2350-3167 ms, TE1/TE2 30/80 ms, slice thickness 3 mm, with no inter-slice gaps, and pixel size 0.7812-0.9375 mm 2 . Quantitative image analysis was performed using an automated segmentation pipeline (three times a day +). 14 15 The number of Gad-enhancing lesions per scan were measured by trained MRI raters and re-reviewed by a single rater for this study. 16 17 
statistical analysis
In our first analyses, we compared the demographic and clinical characteristics at last clinic visit in 922 any allergy patients and 427 NKA patients. Categorical variables were described by counts and percentages and continuous variables by mean and SD. Means were compared with a two-sample t-test or a MannWhitney U test for non-normal data while proportions were compared via a χ 2 test or Fisher's exact test for contingency tables.
In the primary analyses, we compared the cumulative number of attacks since disease onset between (1) any allergy versus NKA, (2) environmental allergy versus NKA, (3) food allergy versus NKA, and (4) drug allergy versus NKA using the negative binomial regression model, performing both a univariate and a multivariable analysis. The multivariable analysis controlled for sex, age at symptom onset, race (non-white vs white), disease category (progressive vs relapsing), and percentage of time on DMT. Disease duration was used as the offset parameter. The relapse rate ratios were subsequently calculated for each group.
Our secondary analysis focused on the EDSS, MSSS, presence of new Gad-enhancing lesions, and comparison of the total count of new Gad-enhancing lesions among the four different groups. For EDSS, we performed a univariate and multivariable proportional odds logistic regression model and then a univariate and multivariable linear regression model on the natural log of MSSS. Next, to compare the presence of new Gad-enhancing lesions among the four groups, we used a logistic regression model in both a univariate and a multivariable analysis. Finally, a negative binomial regression model compared the Gad-enhancing lesion count between the different groups. All multivariable analyses were adjusted for sex, age at symptom onset, disease category (progressive vs relapsing), percentage of time on DMT, and disease duration. Statistical analyses were performed using the SAS 9.4 software (SAS Inc, Cary, NC, USA).
resulTs
Patients characteristics
A total of 1349 patients participated in the questionnaire and were included in the main cross-sectional analysis. Demographic and clinical characteristics of subjects stratified by NKA (n=427) versus any allergy (n=922) are provided in table 1. The mean (SD) follow-up period between the questionnaire date and the last visit date was 2.0 (1.8) years for the whole cohort. The mean disease duration at last visit was the same for both groups at around 16 years, and almost 75% of the patients were in the RRMS phase. A higher percentage of males was found in the NKA group (35%) compared with the any allergy group (21%); the rest of the variables were comparable between the two groups. The mean (SD) EDSS at last visit was similar between the two groups (2.0±3.0 in the NKA group and 2.0±2.5 in the any allergy group); the MSSS at last visit was similar between the two groups (1.70±3.91 and 1.70±3.10). Table 2 shows the patients' characteristics stratified by the type of allergy. The specific reported allergies are found in online supplementary tables 1-3.
effect of allergy history and allergy type on the cumulative number of attacks
In total, 922 patients in the any allergy group, 586 patients in the environmental allergy group, 238 patients in the food allergy AUTHOR PROOF group, 574 in the drug allergy group and 427 in the NKA group contributed to this analysis (table 3) . Univariate analysis demonstrated that the any allergy group had a 1.22 times greater rate for cumulative number of attacks compared with the NKA group (P=0.0204); however, in adjusted analysis, there was no significant difference between the groups (P=0.1497).
When stratified by allergy group, the food allergy group demonstrated a 1.38 times higher rate for cumulative number of attacks compared with the NKA group (P=0.0062); this difference remained significant in the adjusted analysis, where the rate was 1.27 times higher in the food allergy group (P=0.0305). The drug allergy and environmental allergy groups had non-significantly different attack rates compared with the NKA group in adjusted analysis.
effect of allergy history and allergy type on clinical disability: edss and Msss
In the multivariable analysis shown in 1.02 to 3.11) , P=0.0431) while holding the other covariates constant. The food allergy group had more than twice the likelihood (OR 2.53 (95% CI 1.25 to 5.11), P=0.0096) of having a Gad-enhancing lesion while adjusting for other covariates. The environmental allergy and drug allergy groups trended towards a higher likelihood of having new Gad enhancing lesions compared with the NKA group; however, that was not shown to be significant. For the Gad-enhancing lesion count ratio in the different allergy groups compared with the NKA group, there was a trend towards a higher Gad-enhancing lesion count in the allergy groups; however, no significance difference was found in any of the different allergy groupings (table 6).
dIsCussIOn
Our findings suggest that MS patients with allergies have more active disease than those without allergies, and that this effect is driven by food allergies. We showed that patients with food allergy have a 1.3 times significantly higher rate for cumulative number of attacks compared with patients with no allergies, along with a 2.5 times higher likelihood of having a Gad-enhancing lesion on brain MRI. The environmental allergy and drug allergy groups did not show major differences when compared with the group with no reported allergies. The EDSS and MSSS were not affected by the history of allergy.
The question of the effect of allergy on MS disease course is an important factor which has biological and potentially therapeutic implications. A previous case-control study analysed the association between allergy history and relapse rate in a paediatric MS cohort. Their findings suggested that food allergies in the first 5 years of life had a lower ARR compared with patients without food allergies (0.14 vs 0.48, P=0.01), with no association found between relapse rate and other types of allergies. 10 These findings contrast with our results which showed a higher attack rate in adult MS patients who reported food allergy. The differences between these two studies could be due to several factors, including different patient populations, study designs and sample sizes. The different age groups may affect the prevalence of food allergy, which is known to be more prevalent in children and decreases into adulthood (4-7% in preschool children vs 1-2% in adults). 18 The disease durations for the cases in the paediatric population was 10 months, versus 16 years in our cohort. In the paediatric study, history of allergy reflected the first 5 years of life only, whereas we were interested in the history of allergy at any point in life by the time the questionnaire was administered; this could yield differences in prevalence as well as in recall bias, where parents reported allergy in their children as opposed to our adult population who reported it by itself. In addition, there was a significant difference in sample size between the two studies where we included more than 1300 MS cases versus 271 cases in the paediatric MS study. Relapse data were available from even fewer patients (n=193) in the paediatric study, with a subgroup of MS patients with food allergies limited by an even smaller sample size (n=9), compared with a sample size of 238 food allergy patients in our relapse number analysis. Furthermore, immunological mechanisms of food allergy differ between children and adults. In children, food allergies are IgE mediated, while in adults, eosinophilic oesophagitis and IgA-mediated and T cell-mediated mechanisms predominate. 19 Immune-mediated adverse reactions to food can be divided into immediate and delayed hypersensitivity reactions. 20 Immediate reactions to food antigens are IgE-mediated and dependent on activation of mast cells. The delayed immune reaction to food antigens are mediated by IgG, IgA and IgM, and T cells. 20 Unlike the immediate effects of IgE-mediated allergy, this delayed type food allergy can take several days to appear. 20 Levels of IgG, IgM and IgA antibodies in the blood against different food antigens have been used to demonstrate delayed food allergy and intolerance reactions, found that even an individual who may not have IgG, IgA and IgM antibodies against antigens prepared from raw food could show positive results when tested against antigens prepared from cooked food. 20 One explanation of the effect of food allergy on MS disease course could be due to this antigen modification to a 'neo antigen', that occurs from exposure to processed food. 20 Subjects can develop antibodies to the modified food antigen, which have been shown to be associated with high levels of antibodies against advanced glycation end products (AGEs). According to one study, antibodies against AGEs could react with self-proteins and attack the patient's tissue in an autoimmune manner, leading to degenerative and autoimmune diseases such as diabetes, autoimmunity, neurodegeneration and neuro-autoimmunity. 21 This immune repertoire, the spectrum of antigen specificities, is important for MS and was shown to be largely driven by non-heritable influences. 22 Food allergies could lead to an increase in MS inflammatory activity in adults through a variety of mechanisms. 23 Genetic data suggest that the pathogenesis of MS shares important features with a variety of non-CNS autoimmune diseases. 24 Shared autoimmune mechanisms include those that decrease regulatory T cell predominance and also increase Th2 and type 2 innate lymphoid cells (ILC2), leading to a more proinflammatory environment in the gut epithelial tissue. 23 25 In addition, dysregulation of members of the T cell immunoglobulin and mucin domain (Tim) gene family are shared in MS and food allergy. 26 Another possible mechanism of food allergies' effect on MS is its association with gut microbiome dysbiosis, which is the disruption of the normal microbiota balance in favour of pathogenic bacteria. A role of the gut microbiome on the risk and disease course of MS has been recently demonstrated with differences in several species between MS patients and controls. 27 28 Gut microbes can additionally produce neuroactive molecules that affect the enteric nervous system and the CNS leading to the concept of 'microbiota-gut-brain axis'. 27 In experimental autoimmune encephalomyelitis (EAE) models, a germ-free environment has been associated with a milder disease course and protection against the disease, while introduction of microbiota in the mice's gut restored disease susceptibility. 29 These findings support the hypothesis that the type and distribution of gut microbiota could affect the risk and course of MS, probably in a way similar to how food allergy affects MS. Enhanced gut leakiness in food allergy could allow for bacterial antigens, lipopolysaccharide and toll-like receptor (TLR) agonists to penetrate and activate immune cells. 30 31 Gad-enhancing lesions are known to be markers of active disease, and their correlation with relapse rate and disability was demonstrated in multiple studies, 32 33 as well as its predictor value for future disability. 34 As far as we know, this is the first study to link food allergy with higher likelihood of Gad-enhancing lesions in a multivariate analysis. Our group has previously demonstrated an association of seasonality and Gad-enhancing lesions, 35 and further studies are needed to determine whether food allergies contribute to this association.
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A strength of our study was our large sample size of more than 1300 patients, as well as the availability of MRI scans with Gad-enhancing lesion counts data for over 750 patients. Limitations to our study included reliance on subjects for reporting history of allergies, without blood/skin testing, or diagnosis confirmation by an allergy specialist. Additionally, our questionnaire cannot differentiate between true food allergy and other adverse reactions to food, especially since food allergy can sometimes be over diagnosed. A possible question about the temporal relationship between allergy history and disease could be raised; however, we do not claim to establish causality. The cross-sectional design revealed an interesting association between food allergy history and disease activity, accounting for several covariates, and future longitudinal studies could confirm our results and possibly establish causality. Nonetheless, relapse rates, EDSS and MSSS measures were all analysed at the patient's last visit after the questionnaire was done, so conveying a temporal association. It is possible that patients with food allergies had more contact with physicians, and therefore may have overreported relapses; however, the MRI substudy, which demonstrated that Gad-enhancing lesions were increased in the food allergy group, is not subject to recall bias and therefore argues against this. This is the first study to assess the relation between allergy and MS disease course as measured by clinical and MRI variables in an adult MS population. Our study showed that patients with food allergy had more relapses and a higher likelihood of Gad-enhancing lesions as compared with MS patients with no allergy. Future prospective studies are needed to confirm our findings and understand the underlying biological mechanism, by analysing blood biomarkers of allergy, which can lead to new therapeutic and preventative strategies for MS. 19 36 37 
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